INTRODUCTION
While the effect of cholera toxin on adenylate cyclase has been widely studied in a variety of animal tissues (1) (2) (3) (4) (5) (6) (7) (8) , the mechanism by which the toxin stimulates the enzyme is not understood. The activation characteristically occurs after a lag period which is variable according to the tissue studied. Once the effect is produced it is essentially irreversible and can resist dilution, washing, or solubilization of the preparation (8) . Simultaneously with the increase in basal activity, cholera toxin produces an enhancement of the effects of some hormones on adenylate cyclase. Thus catecholamine responses are enhanced (5, 7, 8) and the apparent affinity of glucagon for adenylate cyclase is reported to be increased in tissues treated with cholera toxin relative to Received for publication 20 May 1975 and in revised form 26 August 1975. control tissues (6) . The ability to respond to fluoride has been shown to be decreased by the toxin treatment (5) . Some of the characteristics of the cholera toxin effect resemble those of guanyl nucleotides on adenylate cyclase. Since the early reports of the effect of GTP on the enzyme by Rodbell et al. (9) a number of laboratories have found that GTP enhances the effect of hormones on adenylate cyclase, and can stimulate basal activity of the enzyme (10) (11) (12) . Such effects have been reported to be present in many different eucaryotic cells (13) . Nonhydrolyzable analogues of GTP such as guanylylimidodiphosphate Gpp(NH)p' and guanylylmethylenediphosphate [Gpp(CH2)p] have a similar but much greater effect than GTP on both basal and hormone-stimulated adenylate cyclase activity (12) (13) (14) (15) (16) presumably because of the stability of the terminal phosphate group. The stimulatory effects are irreversible, resisting dilution, washing, or solubilization. Interference with the stimulatory effect of sodium fluoride by GTP or Gpp(CH2)p has also been reported (9) .
Thus the effects of cholera toxin and the analogues of GTP are similar in that both stimulate adenylate cyclase, both enhance the effects of certain hormones, and both produce an essentially irreversible stimulation of the enzyme which can then be solubilized in the activated state. These similarities prompted us to examine the interrelationship between cholera toxin and Gpp(NH)p. A recently developed procedure to stimulate adenylate cyclase in broken cell preparations (17, 18) allowed the possibility of sequential incubations with the two agents to study this interaction.
METHODS
Stimulation of adenylate cyclase in vivo was achieved by intravenous injection into rats of 1 ,ug/g of cholera toxin after light ether anesthesia. 5 h later the animals were Stimulation of adenylate cyclase in the broken cell preparations was achieved by incubating aliquots of control homogenates (200 ,ul) with or without 4,g/ml cholera toxin and 1 mM NAD for 15 min at room temperature; the incubations were terminated by adding an excess (5 ml) of cold buffer and were immediately centrifuged at 1,200 g for 5 min.
Pellets from both in vivo and in vitro treated preparations were resuspended in 75 mM Tris-HCl, pH 7.5, containing 25 mM MgC12, by three strokes of the same homogenizer. The volume of the buffer added was adjusted to obtain a final protein concentration between 1 and 1.5 mg/ml.
Adenylate cyclase activity was assayed using the method of Krishna et al. (19) . The final incubation medium (50 ,ul) consisted of 0.1 mM ATP, including 1 20 and 30 ,ug. The incubation was carried out for 5 min at 37°C. These were optimal conditions for the assay. The reaction was stopped by adding 1 ml of a cold solution containing 100 jig cyclic AMP and 200 ,ug ATP, [3H]cyclic AMP was also added for calculation of the recovery. Tube contents were pipetted onto 0.6 X 4-cm chromatographic columns which had been prepared by pipetting 2 ml of 50%o (vol/vol) aqueous suspension of Bio-Rad resin AG-50W-X2, 200-400 mesh, H+ form (Bio-Rad Laboratories, Richmond, Calif.) into tubes containing glass wool supports. The cyclic AMP was eluted by water in the 4th and 5th ml. Impurities in this fraction were removed by two precipitations with ZnSO4 and Ba(OH)2, care being taken that the final pH was close to 7.5. After centrifugation for 5 min at 1,200 g the precipitation was repeated. Then the supernates were transferred to scintillation vials containing 15 ml of naphthalene-dioxane solvent system. 'H and 8P were estimated simultaneously in a liquid scintillation spectrometer. 
RESULTS
Effect of Gpp (NH)p on adenylate cyclase activity from control and in vivo toxin-treated preparations. Dose response data for Gpp(NH)p on control and in vivo toxin-treated adenylate cyclase activity were obtained by incubating the washed membranes with different concentrations of the nucleotide. Gpp (NH) p was added during the adenylate cyclase assay which took place during 5 min at 37°C. In control tissue marked stimulation of adenylate cyclase activity was achieved with 10' M Gpp(NH)p. Maximal stimulation was seen at 10' M. Treatment with cholera toxin resulted in a sevenfold activation of basal adenylate cyclase activity. In contrast to control tissue, Gpp(NH)p was unable to stimulate cyclase activity from tissues pretreated with cholera toxin in vivo. 10' M Gpp(NH)p proved to inhibit the activity of cholera toxin-treated adenylate cyclase. The results are shown in Fig. 1 .
Effect of Gpp(NH)p on adenylate cyclase from control and in vitro toxin-treated preparations. Incubation of control homogenates with 1 mM NAD and 4 /Lg/ ml cholera toxin for 15 min at room temperature resulted in a sixfold increase in basal cyclase activity. Again, control adenylate cyclase responded to Gpp(NH)p with increased activity whereas toxin-treated adenylate cyclase was inhibited by Gpp(NH)p at all concentrations tested. Results are shown in Fig. 2 .
Inhibition of the Gpp (NH)p effect by preincubation with cholera toxin. In a separate series of experiments a 15-min preincubation period with cholera toxin and NAD at room temperature preceded the addition of 10' M Gpp(NH)p which was then present for a further 15-min period. The homogenates were washed with an excess of buffer between the two incubations and again after the second incubation. The pellet from the second wash was resuspended and adenylate cyclase assayed immediately afterwards. From the results presented in Fig. 3 it can be seen that cholera toxin and NAD stimulated adenylate cyclase to a similar extent as 10' M Gpp(NH)p. When Gpp(NH)p was added after the treatment with cholera toxin, no further stimulation of adenylate cyclase occurred. Thus treatment with cholera toxin and NAD completely blocked the effect of Gpp(NH)p added subsequently for 15 min.
Inhibition of the cholera toxin-NAD effect by preincubation with Gpp(NH)p. To determine the maximally effective concentration of Gpp(NH)p when incubations are performed at room temperature, liver homogenates were treated with high concentrations of the nucleotide for 20 min. It is shown in Table I O I FIGURE 4 Effect of preincubating the liver homogenates with or without 10' M Gpp(NH)p on the response to cholera toxin and NAD. 4 ,g/ml cholera toxin and 1 mM NAD were added after 10 min incubation with Gpp(NH)p at 220C. After a second 10 min period, the preparation was washed and the pellets resuspended and assayed for adenylate cyclase activity. nonhydrolizable analogue of GTP, Gpp(NH)p, on adenylate cyclase activity. Cholera toxin is shown to block the ability of Gpp(NH)p to stimulate adenylate cyclase, and Gpp(NH)p is shown to block the effect of cholera toxin. When Gpp(NH)p is added to the enzyme preparation after treatment with cholera toxin and when the Gpp(NH)p effect alone is less than that of the toxin, inhibition of the stimulation due to toxin is observed ( Figs. 1 and 2 Glucagon would act by accelerating the rate of isomerization. In work on Gpp(NH)p effects on frog erythrocytes it was found that high concentrations of isoproterenol inhibited the stimulation by Gpp (NH) p. It was proposed that this might be due to the setting up of a new equilibrium position between the transitional and the highly activated states of the enzyme. In this regard it is worth mentioning that high concentrations of isoproterenol have been shown to inhibit the action of cholera toxin in rabbit intestine when added after the stimulated state was attained,-pointing out yet another similarity between the activation of adenylate cyclase by cholera toxin and Gpp (NH)p (25) .
It is suggested that cholera toxin and Gpp(NH)p act on the same regulatory mechanism to bring about the stimulation of adenylate cyclase. Further studies on the binding of NAD or a derivative of NAD, in the presence of cholera toxin, to the guanyl nucleotidebinding protein are in progress.
